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polarization Fatigue Characteristics of Sol-Gel Ferroelectric 
pb(Zro.4Ti o;fl )O s Thin-Film Capacitors 
fftkashi Mihara, Hitcshi Watanabb and Carlos A. Paz de Araujo 1 
A^^^P^ 1 :' C ^°T U J B ^! ch Olympus Optical Co., Ltd., HacMoji-sht, Tokyo 19S 

of Colorado at Colorado Spring, and Symetris Corporation, Colorado Spring,, ColradTsOSlS, USA 
(Received November 8, 1993; accepted for publication April 16, 1994) 

F » t igue characteristics of PbZr„ „Tio. a Oj (PZT) thin-film capacitors made by sol-gel soin , M «„ k- u 
„ 8te d using hysteresis measurement by bipolar continuous puTes: The follow^ three SSSSSSl^ A 
m » the cumulative polarization switching cycles: (l) slow fatigue stage a? the in5 ) 
^tfunrc fabgue stage at middle switching cycles which is recognized in general, (3) saturaStSat' « 
^.ely large number of sw,tchuig cycles. The decays of the nonswitched parts sorted in the IS 2 T 
J^ithmk fatigue stage. The switching cycles at half of the initial remanent potation te Txtoneniiw 
^portion*! to reverse electric field, and the degradation is explained in terms of an "aJSSa^S^S 

with an accelerating factor of 1 .2 x 10- in units of decade k V/cm on our PZT thin-film cVpt SoT£ll 
ture dependence of fatigue characteristics was onexpectedly small and activation enemy was JuLt^ Tf k " 
JS, eV. A plausible fatigue model is proposed in which InjLted charge initiates Z gLrZtlon £t£u e 

-^ W0RDS: F ZZ^XZ^L Z J' ,a,iSU6 ' PO,3r ' Zati0n deSradatl0 ' , • PU,SB5 ' h V-resU .oo ps , a , Bctrlc fietd. 



^ Introduction 

Recently, ferroelectric thin films such as lead zir r 
c(tf iate titanate (PZT) have gathered much attention 
f 0 rttsein non-volatile memories. lf2) However, several 
>r oblems of reliability such as ferroelectric fatigue, 3 ' 



pr0 Dieii« « ^ ~ rajigue, urea results. - Recently, Sesu and Yoo ,8) and Ray monc 
de polamation effect^' and imprint property *•» have et al. * reported the fatigue model based on defect che 
-„rved as major obstacles to the commercializafcinn nf mi^t™ i n . . . 



tion. The last group found three discrete regions induct 
ing the initial decay of remanent polarization at an 
early stage of switching cycles. Araujo et aL l7 > studied 
the degradation mechanism using a two-state cluster' 
model which could explain our experimentally meas^ 
ured results. 1 * Recently, Sesu and Yoo ,8) and Raymond 



u^r — . * * * — 

se rved as major obstacles to the commercialization of 
ferroelectric devices, as well as process integration 
^tb the CMOS process. Polarization fatigue, in par- 
ticular, which is characterized as the degradation of 
re manent polarization by polarization reversal (polariza- 
tion switching), is the most important problem because 
liaSects the number of write and read cycles which is 
re qoired to extend the application of ferroelectric me- 
mory* The understanding and the improvement of this 
polarization fatigue might be keys to the commercializa- 
tion of high density ferroelectric memories. However, 
^ese characteristics, to date, are not well understood 
^ thus the physical mechanism could not be estab- 
lished 

Several reports have presented electrical characteris- 
tics of fatigue: Melnick et a.., M) Schuele and 
^ynor.^Lipeles etal , ll) Naik et al , l2 > and Watanabe et 
measured the degradation of remanent polariza- 
tion hy fatigue at a certain applied voltage on their PZT 
thin-film capacitors. According to these papers, fatigue 
gvaluation was only carried out as part of the examina- 
tion of electric properties, thus no detailed evaluation 
lC sults or descriptions were given. Mihara et al. u) and 
jtfastyefoi. ^ measured the applied voltage dependence 
of fatigue characteristics and showed that the 
Phenomenon was an electric-field- activating process. 

Turning to microscopic characterization and theoreti- 
cal approach, Scott et ai. l5) studied the switching time 
after fatigue on KNOj thin-film capacitors. Bullington 
^ of. 1 * studied optical characterization of fatigued 
thin-Elm PZT lateral capacitors. Duiker et al,* } studied 
a theoretical model of fatigue based upon impact ioniza- 



mistry, in which oxygen vacancy played an important 
role. 

In this study, we explain the detailed experimental 
results of the fatigue on PZT thin-film capacitors using 
hysteresis measurements after polarization switching 
cycles. 

2. Sample Preparation 

The samples used for this study are PZT ceramic 
thin films which were prepared using the sol-gel spin- 
coating technique. A platinum bottom electrode with a 
titanium adhesive layer was deposited on the silicon 
oxide layer on Si wafer. Then PZT sol-gel was deposit- 



! 
f 



PbZro.4Tlo.6O3 
t=280nrn 




10 20 30 40 

2« (deg) 

Fig. 1. X-ray diff raction pattern of sol-gel-fabricated PbZr 0 . 4 Ti<uO* 
ferroelectric thinfilm capacitors. This pattern has no dominant 
peaks which indicate specific orientation, and is supposed to have a 
polycrystalline structure. 
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d on the bottom electrode by the spin-boating method, 
erovskite ferroelectric phase was obtained by anneal- 
at 650 °C for 30 min in an oxygen furnace. A top 
platinum electrode was then deposited by sputtering 
band patterned using ion-milling techniques. Figure 1 
shows the typical X-ray diffraction pattern of the 
^prepared PZT thin film. Since this texture has no 
dominant orientation, our sol-gel PZT thin film is poly- 
Jcrystalline. The grain size ranges from 40 nm to 70 nm. 
hrhe thickness of samples is about 280 nm. The area of 
Ithe capacitors is 100 pm x 100 /*m (l x 10*"* cm 1 ). 

y-jS. Evaluation Methods 

4" Fatigue was evaluated by measuring the hysteresis 
loops after a certain number of polarization reversals in- 
duced by bipolar pulse waves. The switching endur- 
ance tests were carried out with a circuit shown in Fig. 
2(a). DUT is the capacitor measured in this study, Cm 
load capacitor, Vb input pulses, and V» output monitor 
signals. The capacitance of this load capacitor was 
taken to be about 100 times larger than the capacitance 
of DUT, so that about 99% of voltage of the input 
pulse was applied to the ferroelectric capacitor. The 
typical frequency of input pulses was 1 MHz and pulse 
width was 500 ns, which was about three times longer 
than the switching time U (the time required for trans- 
fer of 90% of the charge into the external element) of 
our ferroelectric capacitors. All input pulses consist of 
positive and negative pulses with the same pulse 
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Pulses 



r^tr 



— O v » 

DUT 

Q Vm 



T 



Ctoad 



(a) Circuit for endurance test 



Sine 




(b) Circuit for hysteresis 
measurement 



(c) Extracted hysteresis 
parameters 



Fig. 2. Schematic circuits and extracted hysteresis parameters 
used in this study, (a) The circuit for endurance test, (b) the circuit 
for hysteresis loop measurement, where DUT Is ferroelectric capa- 
citor, and (c) definition of the extracted hysteresis parameters. 



height, so that the polarization of each fatigue step 
could be reversed completely. 

Hysteresis measurements were carried out by the 
conventional Sawyer-Tower circuit using a 1 kHz sine 
curve without any compensation. Figures 2(b) and 2(c) 
show the schematic measurement circuit and hystere- 
sis loop, respectively. The extracted hysteresis 
parameters are illustrated in Fig. 2(c). P r +-P f _ is 
defined as the difference between the positive rema- 
nent polarization (P r +) and negative one (P r -), and£U- 
i? c - the difference between the positive coercive field 
(£ c +) and negative one (E c -); Pt+ and P,- are positive 
and negative saturated polarizations, respectively. 

4. Evaluation Results 

4. 1 . Hysteresis parameters after fatigue 

Figure 3 shows several hysteresis loops consisting of 
the initial state before fatigue and fatigued states after 
certain switching cycles. The initial state had a well- 
saturated hysteresis loop, in which P r +-P r - is about 32 
/iC/cm J and the coercive field is about 45 kV/cm. After 
a certain amount of switching cycles with pulse height 
of ±6 volts (212kV/cm), the hysteresis loops shrank " 
gradually- Figure 4 through Fig. 7 show several hyste- 
resis parameters as functions of cumulative switching 
cycles to obtain the quantitative change of ferroelectric 
properties induced by fatigue. These figures are ex- 
pressed in terms of logarithm of switching cycles on 
the X-axis, which is generally used by other resear- 
chers. *~ u) It is useful to evaluate the characteristic 
change over a wide range of switching cycles in view of 
engineering. Thus, we have evaluated them over an ex- 
tremely wide range from 10 cycles to 10 9 cycles. Figure 
4 shows P r +-P r -, P r + and —P r - as functions of cumula- 
tive switching cycles. The pulse height is +8 volts 
(282 kV/cm), which is about two times as large as the 
electric field in normal ferroelectric memory operation, 
and the frequency is 1 MHz. P f+ -P r _ had a normal 
logarithmic decay, as described in the former 
reports. *~ 13) However, since we evaluated over a wide 
range of switching cycles, we could observe three 
stages in this figure according to the cumulative 
switching cycles as follows. 

(1) Slow fatigue stage: this stage ranged from 10 
cycles to 3 X 10 5 cycles in this case, which was charac- 
terized by the slow decay of P r+ -P r -. The cycle depend- 
ence of P r+ -P r - obeys the log scale with a slow rate. 
The logarithmic coefficient is about 0.55 /^C/decade or 
1.7% /decade. Note that no initial decay of P,+-P r - at 
an early stage of switching cycles was found on our 
PZT thin-film capacitor, which was different from the 
result in ref. 3. 

(2) Logarithmic fatigue stage: this stage cor- 
responded to the cumulative switching cycles ranging 
from 3X10* to 1X10 8 cycles in this case, which was 
commonly recognized by many researchers. In this 
stage, P r +-P r - is proportional to the logarithm of the 
cumulative switching cycles. 

(3) Saturated stage: this stage corresponded to the 
cumulative switching cycles beyond 1 X 10 8 cycles in 
this case. After the logarithmic stage, P r +-Pr- was satu- 
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Fig. 3. Hysteresis loops depicting an initial state and fatigued 
states at certain polarization switching cycles. AppHed pulse 
height during endurance test was 6 V (212 kV/cm). Hysteresis 
loops shrank with cumulative switching cycles. 
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Switching cycles 

Fig. 5. Saturated polarizations -P t _) and remanent polartea- 
tions (P t + t — P r _) as functions of cumulative polarization switching 
cycles. The saturated polarizations decreased through logarithmic 
fatigue stage and saturated stage. 
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Fig. 4. Remanent polarizations (P r +-P t - t P t + t — P r _) as functions 
of cumulative polarization switching cycles. Polarization fatigue 
characteristics are distinguished into three stages. 



rated to about 5 /iC/cm*, which was about 16% of the 
initial value. 

Figure 4 also shows the positive remanent polariza- 
tion (P r +) and negative one (— P r _) as functions of 
cumulative switching cycles. Note that P f+ and — P r - 
behave similarly. This means that the hysteresis loop 
exhibits good symmetry along the charge axis of hyste- 
resis loops through all stages. Figure 5 shows the satu- 
rated polarization (P.+, — P,_) in conjunction with 
remanent polarization (P r +, — P r ~) as functions of 
switching cycles. All parameters show similar depend- 
ence in the slow fatigue stage and the logarithmic 
stage. Note, however, that the saturated polarizations 
(P#+i ~~P*-) continue decreasing at the saturated 
stage, while remanent polarizations (P r+ , — P r -) tend 
toward saturation. Figure 6 shows the nons witched 
parts of hysteresis loops, which are obtained by sub- 
tracting P c from P.. A nonswitched part consists of two 
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Fig. 6. Nonswitched parts of hysteresis loops as functions of 
cumulative polarization switching cycles. The nonswitched parts 
started to decrease in the middle of the logarithmic fatigue stage. 



parts: back-switching from biased-saturated state to 
zero-bias state, and discharge by the linear 
capacitance. The nonswitched parts of polarization are 
almost constant from the slow fatigue stage up to the 
middle of the logarithmic stage, but show a 
monotonous decrease from the middle of the 
logarithmic stage to the saturated stage. 

Figure 7 shows the coercive fields, such as E c +-Ec-, 
Ec+, ~~Ec- and \dEc I , as functions of cumulative switch- 
ing cycles. The parameter dE* is defined as the differ- 
ence between E t + and — E c - 9 which will be governed by 
several factors, such as anisotropic internal stress, in- 
ternal field induced by inhomogeneity of remanent 
polarization, and internal field arising from asymmetri- 
cal distribution of space charges. i? c +-25.-, 2? e + and 
— E c - show no significant change at the slow fatigue 
stage. This means the shape of hysteresis loop does not 
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^bocrcive fields 3c+. d£ c ) as functions of 

&nlaUve polarization switching. cycles. E c £«+ and — 
ed with the three stages. The symmetry of hysteresis loops in 
Vof space charge field (dE t ) was increased at the logarithmic 
ue stage, and saturated at the saturated stage. 
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Fig 8. Remanent polarization P f Wr- as a function of cumulative 
switching cycles with respect to applied pulse height Applied 
pulse height changed at the early steps of the logarithmic fatigue 
stage. 



Ze at this stage. Note that these parameters 
^ase at the logarithmic fatigue stage, indicating 
\jthe shape of the hysteresis loop is significantly 
' ed. Note that — E c - becomes larger than E c +, and 
Z^j; : is increased at the logarithmic fatigue stage, 
Ch. means the hysteresis curve has shifted toward 
egative side (or bottom-electrode side). 

ilse height dependence of degradation 
jse height dependence of fatigue characteristics is 
ernely important in view of engineering and survey 
:eix physical properties. Figure 8 shows remanent 
Ration as a function of cumulative switching 
% with respect to the applied pulse height ranging 
rr£l77kV/cm to 318 kV/cm. Here pulse height 
ns, the absolute value of an amplitude for incident 
enduring the endurance test. Hence all P r +-Pr- 
es /were measured with the same amphtude of 212 
era. Fatigue characteristics drastically varied with 
^jmlse height. Note that the pulse height changed 
^a.t-jthe start of the logarithmic stage, and no 
nf es . were found over the slow fatigue stage. Note 
he tangents of P r+ -P r - at the logarithmic fatigue 
e, showed no significant changes with pulse height, 
ee^stages were also found in the fatigue curves, as 
above. This characteristic strongly implies 
ithe degradations of P r +-P x _ by fatigue possess an 
^tric-fieid-activating process". Figures 9 and 10 
Smother presentations of this property, that is, an ap- 
*Ppke v height dependence of 7V(50%), which is 
n^^the specific cycle at which P r+ -P r - decays to 
^Srceht of the initial P r+ -P r - value. Figure 9 shows 
J2w.-.?? a function of pulse height, while Fig. 10 
„ ?<^ e 8ame as a function of the reciprocal of pulse 
jrjb£ke two samples (A and B) in these figures are 
^pacitors from different wafers, but the fabrica- 
^ff^.^sses and annealing conditions were exactly 
; aine. Generally speaking, these figures are useful 
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Fig 9 N (50% ) as a function of applied pulse height in electric field 
during endurance test. 7/(50%) is defined as the specific cycle at 
which P t +-P, - decays to 50% of the initial P r+ -P r - value. 
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to estimate the lifetime of the capacitor when it is 
forced into a specific applied pulse in some applica- 
tions. Therefore, it is important to clarify which de- 
pendence the degradation of P r+ -P f _ obeys. Conse- 
quently, the dependence on the reciprocal of pulse 
height, as shown in Fig. 10, gave a better fit to the 
straight line obtained by the least-squares method, in- 
dicating that the logarithm of 7V(50%) was reciprocally 
proportional to pulse height. The fitting result is 



N (50%) = 1.47 x 10* exp l^j^j 
for sample A, and 



(i) 



W(50%)= 1.47 X10* exp 



(2) 



'1918\ 

for sample B, where E 9 is the pulse height (kV/cm). To 
estimate the impact of the pulse height, an acceleration 
factor should be specified in the reciprocal of the pulse 
height. The acceleration factor is defined by the 
change of the required independent variable in order to 
vary the dependent variable to ten times its initial 
value in this paper. This is shown as follows: 



Factor =- 



Hi) 



dhog[N{50%)\ ' d]nlN(50%))' W 
Utilizing eqs. (l), (2) and (3), the acceleration factors 
were calculated to be 1.23X10"' and 1.20 *10~ 3 in 
units of decade kV/cm for samples A and B, respec- 
tively, which means that N(h0%) increases ten times 
with every additional increase of 1.23 x 10~ 3 to the 
value of l/E, for sample A. Equations (l) and (2) also en- 
able us to estimate lifetime for a specific application. If 
we use this capacitor under 3.0 V (106 kV/cm) opera- 
tion, the N(50%) is estimated to be about 7x 10" cy- 
cles for sample A. 

4.3 Temperature dependence of P r +-P r - degradation 

Temperature dependence of ferroelectric properties 
must be one of the most important characteristics in 
view of not only engineering but also physical proper- 
ties. Generally speaking, temperature dependence can 
be used to determine the activation process of this 
degradation mechanism. Figure 11 shows P T+ -P r _ as a 
function of cumulative switching cycles at different 
temperatures. The significant change by temperature 
is manifested by the difference of the values of P r +-P x - 
at the slow fatigue stage, in which the initial P f +-P r _ 
value decreased with increase of the temperature. P r +- 
P r - decreased to 70% of the initial (unfatigued) value 
as the temperature was increased from room tempera- 
ture to 150°C. All fatigue curves had almost the same 
tendency except their absolute value of P r+ -P r _. Note 
that the temperature dependence of logarithmic stage 
was not significant. This result was very different from 
that in ref. 3, in which low temperature led to fast 
degradation. Since our samples were made by the sol- 
gel method, the repeatability of this tendency on the 
different samples was quite good. 
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Fig. II. Remanent polarization P t +-P t - as a function of cumulative 
polarization switching cycles at different temperatures. There was 
no significant change except the valuea of P,+-P r - at the slow fa- 
tigue stage. 
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Fig. 12. AT (50%) as a function of reciprocal of temperature. The ac- 
tivation energy of this degradation was estimated to be 0.051 eV, 
which was an unexpectedly small value. 

Figure 12 shows N(50%\ which is described in §4.2, 
as a function of the reciprocal of temperature. N(50%) 
slightly decreased with temperature. However, this de- 
pendence is not as significant as that of pulse height. 
Utilizing this reciprocal dependence of temperature, 
the activation energy of this degradation was estimated 
to be 0.051 eV, which was an unexpectedly small value. 

5. Discussion 

In this section, we discuss several subjects found in 
this study, and a new fatigue model is described. 

5. 1 Three stages in polarization fatigue 

The three stages found in this study are completely 
different from those in ref. 3. Our PZT capacitors 
showed no initial degradation at the early stage of 
switching cycles. We believe that ferroelectric capaci- 
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>rs fabricated by appropriate processes show well- 
saturated hysteresis loops and do not exhibit such ini- 
tial degradation. The fact that we obtained three 
stages on the fatigue curve may not be so easy to under- 
stand. All parameters and hysteresis loops did not 
Change until the start of the logarithmic stage, and 
ho wed a sudden decrease with the logarithm of switch- 
ing cycles in this figure. P r+ -P r _ saturates at a rela- 
*vely large value, which is about 16% of the initial one 
£at the saturated stage. The logarithmic fatigue stage 
Jhas been reported **~ l4 * but no report has been made on 
•fche existence of three stages, especially the saturated 
stage. The nonswitched part of the hysteresis loop 
shows a decrease at the middle of the logarithmic 
^stage. This means that the influence of dielectric con- 
stant lowering (including back-switching) came later 
'than the degradation of remanent polarization, and di- 
electric constant was not as sensitive as P f . At the satu- 
rated stage, the nonswitched parts kept decreasing 
;with the same ratio, while P»+-P r - tended toward satu- 
-ration. 

Turning to the symmetry of the hysteresis loop dur- 
ing the endurance test, as shown in Fig. 7, although its 
Xshift along the polarization axis was not significant, 
that along the electric field was found to be significant 
in this study. This shift is thought to correspond to the 
generated internal electric field caused by asymmetri- 
cal distribution of space charges or inhomogeneity of 
remanent polarization arising from a large number of 
polarization switching cycles. This asymmetry is fre- 
quently found in the PZT samples before the second 
high-temperature annealing, which is performed after 
deposition of the top electrode. The asymmetry is also 
recognized in samples after imprint evaluation, 
wherein the capacitor is exposed to a large number of 
unipolar pulses without polarization s witching. 7 * This 
asymmetry was increased at the logarithmic fatigue 
stage and saturated, similarly to the case of P,+-P r — 
This generated internal field may be caused by the im- 
balance of space charges at the interface layer near the 
electrode arising from fatigue, as explained by Okazaki 
and co-worker in bulk ferroelectric BaTi(V° ,21) using 
switching current measurements after fatigue and ag- 
ing. Assuming that the imbalance of space charge is a 
major reason, the internal field generated by space 
charges is about 7 kV/cm. Then the asymmetry of 
built-in potential (d Vm) is estimated to be 0.2 V assum- 
ing that space charges exist at the interface and 
dVu=dEjt t where t is the thickness of ferroelectric 
film. 

5.2 Electric field dependence of degradation 

An electric-field-activating process implies that the 
fatigue mechanism is caused by charged particles such 
as carriers, ions and charged defects. In addition to 
this, the electric field changed only at the start of the 
logarithmic fatigue stage, and degradation rate did not 
change in this stage. It is well known that lead in PZT 
is easily volatilized. When PbO is evolved from PZT 
upon high-temperature annealing, both donors arising 



from oxygen vacancies and acceptors arising from Pb 
vacancies will be produced, as mentioned by Smyth 
and co-workers. 19,22) Then, the surfaces adjacent to elec- 
trodes tend to become semiconducting or insulating, 
possessing some amount of space charge, as recognized 
by Kanzig. w) Therefore, we believe that the space 
charge plays an important role to explain this electric- 
field-activating process. 

5.3 Temperature dependence of degradation 

An extremely small activation energy of 0.051 eV 
was estimated, which was only about one- tenth that of 
electrical conductivity, ranging from 0.33 eV 24) to 
about 0.4 eV in our samples. Furthermore, an activa- 
tion energy of temperature dependence on lifetime un-. 
der DC electric field was reported as 1.37 eV,- 1 ** We 
note that fatigue does not obey the thermal activation 
mechanism as reported by Sesu and Yoo. l8) This indi- 
cates that the fatigue mechanism is not directly 
influenced by the amount of carriers or the thermal ac- 
tivating process over the trapping level of defects. 

5.4 Plausible fatigue model called "charge injection 
model" 

Taking the electric field dependence into account, 
and from an analogy of physical models for silicon 
oxide breakdown, M) we consider that the polarization 
fatigue is initiated by a specific carrier injection. Injec- 
tion takes place in ferroelectric thin film at early steps 
of the logarithmic fatigue stage. The injection process 
is specified by "Fowler-Nordheim tunneling", and the 
amount of injected charge per second is given by 

Q=A£?exp(0 (4) 

where A and B depend on the electron effective mass 
and barrier height at the injecting interface, and is 
an electric field at the interface. This charge injection 
takes place the moment polarization switching occurs, 
in which the local internal electric field becomes much 
larger than the external field. We assumed that the lo- 
calized high electric field was generated at the interface 
or at the defective area due to polarization reversal in 
conjunction with space charges in the surface layer and 
the defective area. Under this localized high electric 
field, the injected charge gains high energy so that the 
energetically charged particles collide with ions and 
generate new defects and space charges. Only 
"Fowler-Nordheim tunneling 1 ' of the fatigue-initiating 
process can explain the reciprocal relation of applied 
electric field and the lack of temperature dependence. 
We called this model the "charge injection model". In 
this paper, we used several assumptions on the local- 
ized electric field. We will discuss these in conjunction 
with conductivity mechanism in another paper. 

The three stages in polarization fatigue can be ex- 
plained by the charge injection model as follows. An in- 
itiation of charge injection does not occur by the end of 
the slow fatigue stage. The initiation of charge injec- 
tion takes place at early steps of the logarithmic 
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fatigue stage. The start of charge injection varies with 
pulse height and other conditions. Once the charge in- 
jection starts, a positive feedback due to energy gain 
and defect generation (space charges) may occur, as de- 
scribed above, and degradation takes place easily. As 
the switching cycles increase, the remanent polariza- 
tion is gradually degraded. Then the local electric field 
at the surface or the defective area becomes weaker, 
and charge injection slows down. This slowdown is 
recognized as the saturated stage. 

6. Conclusions 

We have studied the fatigue characteristics of sol-gel 
ferroelectric Pb(Zr 04 Tio.6)Qj thin-film capacitors by 
measuring hysteresis loops after polarization switch- 
ing. We found three stages in the polarization degrada- 
tion curve as follows: (l) slow fatigue stage at initial 
switching cycles, (2) logarithmic fatigue stage at 
middle switching cycles which was recognized in gene- 
ral, (3) saturated stage at extremely large switching 
cycles. We also separated switched parts and non^ 
switched parts from hysteresis loops as functions of 
switching cycles, the decays of nonswitched parts 
started in the middle of the logarithmic stage. An asym- 
metry of the hysteresis loop with electric field was also 
found, which coincided with the logarithmic fatigue 
stage. The degradation of remanent polarization 
strongly depended upon an applied electric field, and 
was explained in terms of an "electric-field-activating 
process". 7V(50%), which is defined as the specific cy: 
cle at which P r+ -P r - decays to 50% of the initial value, 
was reciprocally proportional to the puke height, and 
the acceleration factor was about 1.2 X 10"* decade 
kV/cm. Fatigue degradation had no significant temper- 
ature dependence. A plausible fatigue model called the 
"charge injection model" was proposed. 
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